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Abstract
The effect of super fine groove pattern with the width of 0.1mm and spacing of 0.2mm formed on Al alloy surface by fine
machining on adhesion peel strength was investigated. The results indicate that such groove pattern can enhance adhesion
strength in T-Peel test by 51.4%. A fracture model containing three stages such as fracture on Al alloy surface, inside the
adhesive and along the vertical surface of the groove, is proposed and proved credible through studying the fracture morphology
by scanning electron microscope (SEM) and energy dispersive spectroscopy (EDS). The fracture modes for the three stages in T-
Peel test are peel (interfacial + cohesive), peel (cohesive) and shear (interfacial + cohesive) respectively, which reasonably
explains the enhancement mechanism of groove pattern on adhesion strength in T-Peel test.
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Keywords: adhesion strength; mechanical pattern; T-Peel test; fracture; mechanism analysis
1. Introduction
The researches in last years have been reported that macro-morphology had important influence on adhesion
performance (Chan et al., 2008. Min et al., 2011. Lewis et al., 2013. Benard et al., 2005). Lucas et al (Lucas et al.,
2010) fabricated a series of grooves which were applied with 0o, 45o or 90o orientations, to simulate the scratches on
the metal plates in workshops. They concluded that such grooves or scratches could increase the strength of
adhesive-bonded single lap joints. Won-Seock Kim et al (Kim et al., 2010) used the chemical etching to produce the
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semicircle-like micro-patterns which were ranging from 10Dm to 90Dm on the substrate surface. They conducted the
single-leg bend (SLB) test and end-notched flexure (ENF) test on the substrate surface with patterns, studied the
effect of surface wettability changing on work of adhesion and discussed the mechanical interlock effect on
adhesion strength of polymer-metal interfaces. Zavattieri et al (Zavattieri et al., 2008) built the sinusoidal interface
morphology for adhesive joints in an elastic-plastic numerical model. They showed that such sinusoidal patterns
could delay unstable crack growth, and thereby increased the macroscopic interface toughness of the joint. Keisler
and Lataillade (Keisler and Lataillade, 1995) found that the aspect ratio of the patterns on the substrate surface could
take a dramatic influence on the shear strength of adhesive-bonded steel joints under dynamic loading conditions.
Above researchers produced a series of patterned interfaces in the adhesive joints, and studied the effect of patterns
on the results of coupon joints.
However, only the shear strength of joints had been improved by increasing the effective bonding area, while the
peel stress was not considered due to the limitations of the pattern configurations and difference in research
perspectives in spite of that the peel strength was another major parameter for engineers to assess the performance of
adhesive-bonded structures and ensure the adequate quality control besides of the shear strength (Sargent, 1994).
Therefore, it is necessary to develop the pre-treatment technology not only to enhance the adhesive joint under the
tensile-shear loads, but also to improve the peel strength. Among a number of mechanisms that accounted for the
adhesion phenomenon, it was well-known that mechanical interlock was one of the dominant mechanisms that
contributed to the adhesion strength of polymer-metal interfaces (Kinloch,1987. Packham,1992. Pizzi, 1994. Pocius,
1997). In fact, the shapes of the patterns on the substrate surface not only associated with shear strength but also
with peel strength, could play an important role on the mechanical interlock effect. This paper was concerned on the
enhancement of patterns of Al alloy surface on peel strength as well as the corresponding mechanism.
2. Materials and methods
Test materials: 6013 Al alloy plates with the thicknesses of 2.0mm and 1.0mm were cut into coupon sheets with
the dimensions of 100mm×25mm and 305mm×25mm. 5089 thermosetting adhesive of Henkel corporation
(Germany) was used.
Surface treatment method: Machining was performed on a vertical high-speed NC milling machine. The
parameters for straight grain pattern were given as following: the slot width was 0.1mm, the spacing was 0.2mm,
and the depth was 0.1mm, which are the minimum sizes that can be produced by machining. Fig. 1 (a) shows the
machining scheme for the cutting process. The Al sheet was vertically fixed by a jaw vice and the cutter was
vertically cutting. The terminal machining length was 30mm for T-Peel test samples limited by machine stroke. The
surface of test sample after machining is plotted in Fig. 1 (b).
(a) (b)
Fig.1. (a) the scheme for the machining; (b) the patterns on sample surface after machining
Test methods: The schemes of T-Peel joint (International Designation, 2008) are shown in Fig. 2. The tensile test
was conducted on Instron 1195 electronic tensile machine with a tensile rate of 1mm/min. The fracture surfaces of
T-Peel joints were investigated on s2700 scanning electron microscope (SEM), for studying the fracture mechanism.
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Fig.2. The schemes of the T-Peel test.
3. Results and discussions
3.1. The results of T-Peel tests
Fig.3. depicts a typical T-Peel test result of Al sheets treated by machining. Crack initiated at around 1550N along
the surface of Al sheet, where the load started to drop. The load value of horizontal area without surface treatment
was 320~430N. At the transition area with the extension of 400~420mm, the front end of the crack had reached the
machining area, requiring a larger load for crack propagating. The crack stopped at the machining area, resulting in
the rising of load as the extension increased. The crack grew again on Al sheet surface at the machining area when
the load value increased up to 550~570N. On the patterned surface, the averaged peel load of 560N increased by
51.4% comparing with that of 370N at the horizontal area in absence of surface treatment.
Fig.3. T-Peel test results of Al sheet surface treated by machining
3.2. The fracture model and mechanism analysis
The crack growing model at the machining pattern area is described in Fig. 4. First, the crack grew along the
surface of Al substrate in a T-Peel test (Fig. 4(a)), which was an apparent interfacial fracture mode. After that, the
crack was inclined into the groove area, resulting in a cohesive fracture (Fig. 4(b)). The crack stopped growing when
reached the vertical surface of the groove (Fig. 4(c)). As the external load increased, a shear fracture occurred along
the vertical surface of the groove (Fig. 4(d)). It can be seen that the stress state of adhesive transferred from peeling
into shearing at the groove area.
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(a) (b) (c) (d)
Fig.4. The crack growing model at the machining pattern area. (a) growing along the surface; (b) growing into the adhesive; (c) stopping growing;
(d) growing along the vertical surface of the groove.
Fig. 5(a) shows the fracture surface of test sample at the machining pattern area. The upper part of the micrograph
was a facture area in the groove that the crack grew along the tilted direction to the bottom of the groove; a vertical
bare groove wall was left after the shear fracture as shown in the down part of the micrograph. The red curve in the
micrograph formed by line scanning was assigned to Al. The fluctuating Al peak in the lower part of the micrograph
indicated that bare Al and the adhesive simultaneously existed on the surface, suggesting a mixed-mode fracture. Fig.
5(b) presents the enlarged micrograph of the groove wall obtained at tilted direction. The facture surface of the
adhesive and the groove wall met at a wide angle. The crack in the adhesive grew to this area and was restricted by
the groove wall, which offered the possibility for a shear fracture. In Fig. 5(c), the jagged facture surface of the
adhesive with a big tilted plane in the groove formed a wide-angle with the facture surface with a small tilted plane
after shear fracture, which was consistent with the fracture surface area with machining pattern.
(a) (b) (c)
Fig.5. SEM and EDS micrographs of fractures in different parts. (a) SEM micrograph and EDS of the fracture at machining area; (b) SEM
micrograph of fracture in the adhesive; (c) EDS surface scanning micrograph for the vertical surface of machining groove.
It was referred from SEM micrographs of the fracture surface and the crack growing model in machining pattern
area that a mixed-mode fracture had occurred. The fracture was composed of three different modes: peel
(interfacial + cohesive mixed mode) fracture [mode-I], occurring at the adhesive-metal interface; peel (cohesive
mode) fracture [mode-II], occurring inside the adhesive;shear fracture [mode-], occurring at the groove wall.
In mixed-mode modelthe total work absorbed during the fracture could be separated into the mode-I and mode-
II peel fractures, and mode-III shear fracture works as following:
W=W+W	+W (1)
W: total work; WI : peel fracture (interfacial + cohesive) work; W	 : peel fracture (cohesive) work; W : shear
fracture work.
In peel fractures (mode-I and mode-II), less external energy is required by crack initiating and growing. In a shear
fracture (mode-III), since the whole substrate surface is subjected to the shear force and fractured instantly in
absence of an apparent initial crack, in this case the fracture energy is far more than that for peel fracture mode. In
other words, the required external energy for a mixed-mode fracture is more than that for a single peel mode.
Therefore, the macro machining pattern can significantly increase adhesion strength in T-Peel tests.
4. Conclusion
The super fine groove pattern formed by machining on the Al alloy surface can significantly increase adhesion
strength in T-peel tests. The fracture at groove pattern area is composed of three modes, i.e., peel (interfacial +
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cohesive) at the adhesive-metal interface, peel (cohesive) inside the adhesive, and shear (interfacial + cohesive) at
the groove wall. The groove pattern can produce a mixed-mode fracture (peel + shear), instead of a single peel mode
in the T-Peel joint without the machining treatment. Since the external energy required by a mixed-mode fracture is
larger than that of a single peel fracture, the energy-absorption capability of the T-Peel joint with machining patterns
can be enhanced.
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